In order to reduce traffic conflicts on cross-intensive roads, this paper proposes a new early warning system based on the active safety concept. The system collects real-time vehicle data using roadside sensors and transmits the results to drivers on the major road in a timely manner via roadside warning lights. In this research, the principles of the warning system are discussed in detail, including how the vehicle dynamics data are collected and how potential collisions are identified and avoided. Through a driving simulation experiment, the speed prediction model after implementation of the warning system was examined. Results indicated that it can accurately identify the vehicle operating status, accurately guide driving behavior, and effectively reduce traffic conflict. To verify the reliability of the proposed warning logic and algorithm, numerical simulations were carried out via CarSim/Simulink cosimulation. The simulation results indicate that the proposed system enables drivers to perceive conflicting vehicles in advance, avoid the sudden braking phenomenon, and ensure safe driving.
Introduction
In China, many national and provincial roads have numerous minor roads intersecting them and carry mixed traffic. With a lack of management and oversight, the existing safety facilities make it difficult for drivers to behave safely. According to statistics, in 2015, the accident rate at intersections on China's national and provincial roads was 34.21%, and the majority of accidents were caused by a lack of sight distance [1] .
In order to reduce traffic accidents and casualties, a variety of traffic safety facilities have been installed at highway intersections. The most common of these facilities is a continuously flashing warning light. However, the presence of many road intersections and little traffic flow on minor roads renders the continuous flashing warning lights ineffective. In most cases, the minor roads carry no vehicles; therefore, the frequent warnings are often ignored by drivers on the major roads. Thus, the existing warning light system does not address the safety issues associated with multiple-intersection roads; a new warning system is urgently needed.
With the development of the Internet of Vehicles (IOV), many scholars have begun to consider improving the safety and security of intersections through vehicle-to-vehicle communication technologies [2, 3] . Joyoung Lee et al. [4] proposed a vehicle cooperative control algorithm that could effectively reduce the stopping frequency and travel time through unsignalized intersections. Ismail H. et al. [5] proposed a vehicle coordination adaptive cruise control (ACC) system based on the game theory optimization algorithm. Fuerstenberg proposed an intersection-collision warning system which can trigger a conflict warning when a vehicle collision is detected [6] . Liu Jiang [7] proposed a collaborative vehicle collision warning system, based on the relative speed and direction of the vehicles. Shih-Yang Lin [8] proposed a vehicle cooperative collision warning algorithm that could adapt to various speeds. However, IOV technology is neither universal nor mature, and pedestrians and nonmotor vehicles are not factored into the network environment. Vehicle-tovehicle communication alone does not ensure the safety of all traffic on cross-intensive roads. Therefore, a new approach is urgently needed to reduce intersection conflicts for all users.
Driver behavior is a significant factor in traffic accidents and has prompted extensive and in-depth study by scholars [9, 10] . To verify the effectiveness of warning systems, their effect on driver behavior under different driving environments can be analyzed. By collecting data related to driver collision avoidance behavior, Sun D. et al. [11] estimated collision avoidance probability and described emergency avoidance behavior. Through the analysis of avoidance behavior, Gorjestani et al. [12] determined that setting warning signs at a certain position can reduce collision accidents by up to 35%. These studies analyzed driving behavior in collision avoidance scenarios but did not account for the effect of complex traffic environments on collision avoidance behavior. Driving simulation experiments are a feasible way to eliminate confound from different traffic environments across similar studies [13, 14] . Using a driving simulator, Horst et al. [15] analyzed the effect of road facilities on driving speed and vehicle transverse position.
The development of image processing and electronic communication technology has made it possible to obtain vehicle information accurately and simultaneously. Kihei et al. [16] proposed an architecture that uses omnidirectional antennas to achieve 3D localization and employs Doppler domain analysis to determine the threat of collision. Toledo R. [17] presented a maneuver prediction that employs a Global Navigation Satellite System (GNSS) receiver, one gyro, one accelerometer, and the odometry. Liu Jiang et al. [18] proposed a novel cooperative vehicle conflict resolution algorithm to predict unsignalized intersection collisions based on an enhanced road map. In order to determine the location, speed, and other vehicle information, the above studies used a variety of advanced equipment, such as enhanced road maps, omnidirectional antennas, and accelerometers. However, considering the cost, real-time signal requirements, and system reliability, the above methods cannot be widely applied to cross-intensive roads.
In summary, the existing technologies and facilities are inadequate to mitigate safety concerns and collision incidents on cross-intensive roads in China. Therefore, this paper proposes a new conflict warning system to enable drivers perceive intersection conflicts sooner and effectively avoid the conflicts. There are three major objectives in this article: (1) introduce the working principles of the warning system and the calculation method of the conflict resolution model; (2) evaluate the effectiveness of the proposed system through driving simulation experiments; and (3) verify the reliability of the proposed warning logic and algorithm through CarSim/Simulink cosimulation.
Methods

Overall Design.
Based on the active safety concept, the intersection warning system combines warning lights with roadside detectors. This system can collect real-time vehicle data and transmits the results to drivers in a timely manner via the warning lights. (ii) Vehicle detectors: the two detectors are installed adjacent to the intersection in order to detect vehicles approaching from both directions on the main and minor roads. The detectors record the vehicle speeds and positions and transfer the data to the system in real time.
Basic Framework.
The framework of the warning system consists of four parts: data collection, situation perception, risk assessment, and decision execution (see Figure 1 ). The specific detection process is as follows.
(1) Data Collection. The radar detectors installed adjacent to the intersection collect real-time data on both location and speed of the nearest vehicle.
(2) Situation Perception. When vehicles are simultaneously detected on both roads, the system will calculate the time until the conflict point, known as the Time to Collision (TTC).
(3) Risk Assessment. Based on the TTC, the system will evaluate whether or not there is the potential for a collision. For safety purposes, drivers' reaction times are incorporated into the algorithm.
(4) Decision Execution. Once a potential conflict is predicted, a warning signal will be issued to the road that does not have right of way. The light will not be deactivated until the algorithm confirms that a safe path is available.
Theoretical Analysis.
Conflict identification is key to the efficacy of the warning system. The conflict identification theory and algorithm is described in detail in this section.
Data Collection.
Precise vehicle location is essential. Radar detectors are a low cost and efficient speed detecting system [19] . They can obtain effective data with sufficient precision.
To locate vehicles relative to the road intersection, a Cartesian coordinate system is established with the center of collision zone as the original point ( Figure 2 ). Based on the placement position and angle of the detector, the calculation formulas for the radar detection range are 
where H is height of the detector, is vertical mounting angle of the radar detector, is radiation angle of the radar beam; ≤ 7 ∘ generally meets the accuracy requirements [20] , D is width of horizontal detection zone, X 0 (Y 0 ) is relative position from conflict point to major road (minor road) detector,X 1 (Y 1 ) is minimum distance from conflict point to the detection 
Situation Perception
(1) Stopping Sight Distance. Stopping sight distance (SSD) [21] is the minimum sight distance required for the driver to stop a vehicle traveling safely without collision with any obstruction. As the angle of the conflict vehicles is 90 ∘ , for major road vehicles, the velocity component in the Y direction is 0. Therefore, the stopping sight distance between two vehicles can be solved based on the model relative to stationary objects. The specific formula is
whereSSD is stopping sight distance required for vehicles, m, t is perception-reaction time, sec., typically 2.5 s [22] , f is coefficient of friction; for a poor, wet pavement, this is typically 0.31-0.44, S 3 is safe interval of the stationary vehicle; generally 5-10 m, and g is grade, decimal. In order to ensure safety, we set S 3 = 10 m. Within the allowable range of error, (2) can be simplified to = 1.25 .
(2) Time to Collision (TTC). TTC is the time required for the major road (minor road) vehicle to reach the collision point. This parameter was introduced to predict whether or not approaching vehicles will come into conflict. Based on three different vehicle trajectories, the dangerous intersection zone is defined as 'ABCD' , as shown in Figure 3 . To ensure safety, the distance from the major road car to the conflict area must meet the SSD when the minor road car arrives at the intersection. Therefore, the dangerous intersection zone of the two directions was expanded, as shown in the red area in Figure 3 . When it is predicted that the two cars will be in the collision zone at the same time, there is a risk of conflict.
The time required for the major road vehicles to enter and leave the collision zone can be calculated through the following formulas:
whereT x1 (T y1 ) is time required for the major (minor) road vehicle to enter the collision zone,T x2 (T y2 ) is time required for the major (minor) road vehicle to leave the collision zone,L is length of the vehicle; typically 3.8-4.3 m, and assumed to be L = 4 m in this case,W is width of the vehicle, typically 1.6-1.8 m, and assumed to be W = 2 m in this case,S c1 is distance from the left-turn collision zone boundary to the conflict point,S c2 is distance from the right turn collision zone boundary to the conflict point, and is the left-right deviation coefficient, assumed to be 0∼3s.
Risk Assessment.
According to the above, when one of the following two situations is satisfied, the warning logic will be activated. (1) 1 ≤ y1 ≤ 2 . The major road vehicle arrives at the collision zone first, and when the minor road vehicle arrives, the major road vehicle has not completely left the collision zone. The specific formula is
(2) y1 ≤ 1 ≤ y2 . The minor road vehicle arrives at the collision zone first, and when the major road vehicle arrives, the minor road vehicle has not completely left the collision zone. The specific formula is
By simplifying and integrating (5) and (6), the conflict threshold is obtained:
When the detected data satisfies the conflict threshold (see (7)), the intersection has a potential conflict risk.
Decision Execution.
Through a large number of traffic observations at different regional intersections in China, the minimum acceptable gap required for vehicles crossing an intersection was obtained, as shown in Table 1 .
The priority decision formula for major road vehicles is shown in
whereTTC x (TTC y ) is time required for the major (minor) road vehicle to reach the collision point andT c is minimum acceptable gap. To ensure safety, T c was assumed to be 6 s. Conflict warning lights are set on the major road and the minor road, respectively. When a potential conflict risk is detected, the system determines which road vehicle has priority and sends warning signals to the vehicle without priority. The warning light will not be deactivated until the algorithm confirms that a safe departure is available.
When the warning light turns off, the system will continue the following process:
(1) Continuously detect vehicle speeds and position information.
(2) If vehicles are detected in both directions simultaneously, estimate the TTC of the two vehicles.
(3) Determine whether or not the conflict threshold is reached.
(4) Judge the vehicle priority, and turn the warning light off or on as appropriate.
Analysis and Results
Effectiveness Evaluation.
To analyze the traffic patterns after installing the warning system and to evaluate the effectiveness of the system, a driving simulation experiment was carried out.
Driving Simulation Experiment
(i) Subjects. In this experiment, 30 subjects were recruited. The subjects ranged in age from 25 to 45 years, with an average age of 32 years and an average driving experience of 6 years.
(ii) Apparatus. Driving simulator: the driving simulator used in this experiment was a real vehicle simulator which can provide realistic 3D driving scenarios and collect both vehicle operation data and driving behavior data.
(iii) Scenario. This experiment involved two scenarios (Figure 4) . Specific scenario descriptions are shown in Table 2 .
(iv) Principle. Most cross-intensive roads are second or third grade highways. Accordingly, the speed limit in this experiment was set to 60 km/h. At each intersection, whether or not the minor road was occupied by a conflict vehicle was randomized. In order to create an emergency collision situation, the speed of the minor road car was adjusted according to the speed of the major road car. In the warning light scenario, the warning system was installed at each intersection. When a minor road car approached the intersection, the warning light started flashing continuously. When there is no vehicle detected, the warning light was turned off.
(v) Procedures. The experimental procedure was as follows.
(1) Fill out a basic information questionnaire. (2) Read the predriving instructions. Subjects were told that the speed limit was 60 km/h and was informed of the display theory of the warning light. (3) Perform a test drive for five minutes. 
Driving Authenticity Analysis.
In order to verify the driving authenticity, subjects were asked to subjectively evaluate the performance of the driving simulator. The ratings ranged from 0 to 10, where 0 represents completely different from the real road and 10 represents extreme similarity to the real road. The scores for the driving authenticity analysis are shown in Table 3 . These results show that most subjects found the driving simulation experiment to be similar to the real road environment in terms of both the driving scenarios and driving operation.
Driving Behavior Analysis
(i) Velocity Changes. Due to inconsistency in the minimum value of velocity, direct speed weighting may cause large errors. Therefore, the K-means clustering method was used to better reflect the trends in speed variation. K-means clustering is a simple and effective clustering algorithm [23] . After a classification and integration process, the velocity change curve is obtained ( Figure 5(a) ).
In order to quantitatively describe the continuity of the actual driving speed of the subjects, the concept of velocity deviation was introduced, which is represented by the symbol ΔV.
whereV is a speed of point i within the scope of the intersection data analysis, V +1 is a speed of point i+1 within the scope of the intersection data analysis, and n is the number of speed data points; in this experiment, speed data was obtained every 5 m; thus, n = 40. As shown in Figure 5 (a), the mean value of the minimum speed for the warning light group was about 35.63 km/h, while in the standard group it was only 12.35 km/h (Table 4) . Meanwhile, the speed change in the warning light group was less than in the standard group. This means that, during the collision avoidance process, the warning system can effectively reduce the speed change rate and improve the speed continuity.
(ii) Acceleration Change. The K-means clustering method was also used to obtain the acceleration curve. As shown in Figure 5(b) , the acceleration in the standard group changed significantly; the maximum deceleration was 6.43 m/s2. However, in the warning light group, the acceleration remained relatively stable; the maximum deceleration was only 1.65 m/s2 (Table 4) . This means that when the warning system is implemented, subjects are able to initiate deceleration earlier and effectively avoid rapid deceleration.
(iii) Gas Pedal Change. Using the K-means clustering method, the gas pedal change curve was obtained. As shown in Figure 5 (c), drivers in the warning light group released the gas pedal 35 m earlier than those in the standard group (Table 5) , and the loose throttle rate in the warning light group was slower than in the standard group. This means that with the warning system, drivers are able to perceive the danger earlier and take deceleration measures more calmly during the conflict avoidance process. (iv) Brake Pedal Change. Using the K-means clustering method, brake pedal data was collated by taking the maximum brake pedal pressure. As shown in Figure 5 (d), the maximum braking power of the warning light group was only half that of the standard group (Table 5) . These results show that the warning system can effectively reduce the maximum braking power and avoid emergency braking behavior. As can be seen from the experimental results, during the collision avoidance process, the warning system can effectively improve the speed continuity and avoid rapid deceleration phenomena. Meanwhile, when the warning system is implemented, subjects are able to perceive the danger earlier, take deceleration measures more calmly, and effectively avoid emergency braking behavior.
Speed Prediction Model.
In order to determine the accuracy of the conflict recognition algorithm, the speed variation characteristics after installing the warning system need to be quantified. Therefore, a speed prediction model is proposed in this section. Analysis of the change in speed implemented by drivers when the warning lights were flashing indicates that, in most cases, speed began to decline at a distance of 90 m from the intersection. Therefore, the fitting range of the velocity variation curve was (-90, 0). The fitting degree index, R, is a new statistical parameter used to determine the degree of fit of the nonlinear regression equation.
whereQ is residual sum of squares; Q = ∑(y-y * ) 2 ;y is actual measured value; y * is predictive value.
Through the analysis of the various curves, a cubic polynomial was found to have a high fitting precision (R new = 0.8312) and the regression equation was relatively simple. Therefore, a cubic polynomial regression equation was used to fit the velocity curve. The fitting results are shown in Figure 6(a) .
The speed prediction model is shown in = 0.00014363 3 + 0.025457 2 + 1.0024 + 39.654, (11) wherex is position of the vehicle from the intersection; the range of x is (-90, 0).
Algorithm Verification.
To validate the accuracy and reliability of the proposed warning algorithm, numerical simulations were carried out based on cosimulation in CarSim and Simulink.
CarSim/Simulink Cosimulation (i)
Principle. An emergency collision avoidance situation was designed in CarSim; the target vehicle was controlled by Simulink based on actual conditions. The Simulink input was the vehicle position and velocity, and the goal was to generate an output dictating when and how strongly to brake. The brake strength was determined by the velocity prediction model to ensure that the simulation was consistent with the actual situation. The warning logic of the warning system was converted into a Simulink logic diagram, as shown in Figure 7 .
(ii) Scenario. In these simulations, two different scenarios were considered:
(1) No warning system: the two cars start at specified locations with a constant velocity.
(2) Set warning system: the major road vehicle decides whether or not to take deceleration measures based on the risk assessment results, and the throttle force is controlled through the speed prediction model. The minor road vehicle has no speed intervention.
Simulation Results Analysis.
To verify the reliability of the proposed warning logic and algorithm, numerical simulations were carried out via Matlab/Simulink cosimulation. To ensure the reliability of the algorithm at different speeds and relative position conditions, different situations (Table 6) were tested separately through CarSim/Simulink cosimulations. The experiments assume that the main road vehicle starts at 150 m away from the intersection (X = 150). According to the conflict warning threshold (see (7)), the starting point range of the minor road vehicle can be obtained. Table 6 shows the starting position of the minor road vehicle in the boundary situation (Y min , Y max ) and the most dangerous situation (Y danger ). It was verified that, within the conflict threshold, the major road driver can receive the warning signal and successfully avoid the conflict. The following is an example (V x = 60 km/h, V y = 30 km/h) to describe the conflict avoidance process of the three levels of urgency (Y danger , Y min , Y max ).
(1) (Y danger ) For Scenario 1, the major road vehicle maintains its initial driving velocity and collides with the minor road vehicle (Figure 8(a1) ). In Scenario 2, the major road driver adjusts their brake strength according to the speed prediction model (Figure 8(a2) ). After taking the collision avoidance measures, the minimum distance between the two cars increased to 9.5 m, and the collision was effectively avoided.
(2) (Y min ) In Scenario 1, the minor road vehicle first arrived at the conflict point. As shown in Figure 8(b1) , the minimum distance between the two vehicles was 45.4 m; the two vehicles have no collision risk. In Scenario 2, when the major road vehicle did not significantly slow down, the minor road vehicle reached the intersection and the warning signal was lifted. Therefore, the relative distance of the two cars and the speed of the major road vehicle did not change significantly (Figure 8(b2) ). (3) (Y max ) In Scenario 1, the major road vehicle first arrived at the conflict point. The minimum distance between the two vehicles was 14.3 m; they have no collision risk (Figure 8(c1) ). In Scenario 2, in order to avoid the collision with the minor road vehicle, the major road vehicle took a continuous deceleration measure, and the speed was reduced to 13.2 km/h (Figure 8(c2) ). The minimum distance between the two vehicles was 10.2 m; the major road vehicle experienced a 4 s intersection delay.
As can be seen from the simulation results, under the boundary conditions (Y min and Y max ), even if the major road driver does not take deceleration measures, the two cars will not collide with each other. Therefore, the warning logic and algorithm can effectively identify almost all potential conflicts under the assumed conditions.
Discussion
In this research, the principles of the warning system are discussed in detail, including how the vehicle dynamics data are collected, and how potential collisions are identified and avoided.
This paper evaluated the effectiveness of the warning system by analyzing driving behavior, including vehicles' maneuvering performance and drivers' operating behavior under different scenarios (no warning system and presence of the warning system). Since the road environment of the two scenarios was the same, this could lead to a learning effect. In order to create an emergency collision avoidance environment and reduce the learning effect, the presence (or not) of a car driving into the intersection occurred at random. Further, the minor road adopted a "must encounter mode" with regard to passing another vehicle in the intersection; namely, no matter what speed the major road subject adopted, they always encountered a minor road car. As can be seen from Figure 5 , in the no warning system scenario, the drivers showed a sudden braking phenomenon in front of the intersection, which implies that the experimental scenarios produce an emergency collision avoidance situation. Thus, a learning effect does not appear to influence the results and conclusions.
Meanwhile, the paper also validated the accuracy of the proposed conflict resolution algorithm via CarSim/Simulink cosimulation. These simulation experiments assisted with identifying timing problems and logical inconsistencies or incompleteness, without the need for expensive physical testing. As can be seen from the analysis results, the algorithm we propose can ensure safe driving on cross-intensive roads. However, the algorithm is not perfect. In order to ensure safety, the warning threshold must be larger than actually needed, which may cause a short time delay at the intersection. Therefore, choosing an appropriate conflict threshold to ensure safety, while minimizing intersection delay, is an important future research direction.
Conclusions
The warning system proposed primarily applies to crossintensive roads. In this study, the effectiveness of the system was evaluated using driving simulation experiments, and the reliability of the conflict identification algorithm was verified by numerical CarSim/Simulink cosimulations. Through experimentation, the following conclusions can be made:
(i) The proposed system can transmit the detection results in a timely manner via a roadside sensor and enables drivers to perceive conflicting vehicles in advance. (ii) During the collision avoidance process, the warning system can cause drivers to take deceleration measures earlier, effectively avoiding emergency braking behavior and improving speed continuity and driving stability. (iii) The speed prediction model obtained in the collision avoidance experiments had a good fit (Rnew = 0.8132). The model can reliably quantify the driver speed change trends after installation of the warning system. (iv) The proposed conflict recognition algorithm can effectively identify almost all potential intersection conflicts and ensures safe driving on cross-intensive roads.
In summary, the warning system proposed herein is a practical and effective system. In future research, factors such as communication delay and potential incorrect measurements by sensors should be considered. Straight-right turn conflict and multicar conflict are also scenarios that should be addressed in future research.
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